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A 'Reevaluation of t h e  Average P rompt  Neutron Emission Multiplicity (Nubar) Values 
f r o m  Fission of Uran ium and Transu ran ium Nuclides 

Norman E. Hoiden and  Martin S. Zucker 

Abstract 

In response to a need of t he  safeguards communi ty ,  'we have begun an  evaluation effort to 
upgrade the recommended values of the prompt neutron emission multiplicity distribution, P v  and its 
average value, nubar .  This paper will repor t  on prozress achieved t h u s  far .  The evaluation of t he  
uranium, The recommended 
values will be given and  discussed. 

plutonium. americium and curium nuclide's nubar values will be presented. 

1. ln t roduct ion  

The neu t ron  emission mul t ip l ic i ty  d is t r ibu t ion .  Pv is t he  probabi l i ty  t h a t  a given fission 
will resul t  in  the  emission of v neutrons. The basic method used by all experimenters to generate 
P, data  involves a way of detecting each fission as  i t  occurs in  a sample of t h e  nuclide unde r  
s tudy  and  correlates th i s  fission wi th  t h e  detection of t he  emitted neutrons.  Since the  efficiency. 
c ,  of t h e  neu t ron  detector f o r  t h e  detection of a single neut ron  is less t h a n  un i ty ,  allowance fo r  
those neutrons emitted bu t  not  detected m u s t  be made, with the  resulting probability Qn of actually 
observing n neu t rons  even i f  v were emi.tted ( n  < v )  being just:  

The P, a re  constants  of na ture ,  whereas t h e  Qn depend on the  efficiency of t h e  par t icular  
detector  used. From ' t h e  above expression i t  follows direct ly  t h a t  P, is given in  t e r m s  of t h e  
observed relat ive frequencies  of observation Qn by t h e  expression: 

Pv = C Q n  Cn!/v!(n-u)!] c-n (E-1)n-v (2) 

Knowledge of t he  detector efficiency which is essential to  relate t h e  observed frequencies Qn. 
to  t h e  mult ipl ic i t ies ,  P,, is  usual ly  de t e rmined  f r o m  t h e  count  ra te  wi th  a cal ibrat ing nuclide, 
whose n u b a r  value is  well known.  

g = c <v>  q (3 1 

where q is the fission r a t e  of the sample of t h e  cal ibrat ing nuclide a n d  g is t h e  gross count  r a t e  
f o r  t h e  cal ibrat ing nuclide. (The eff ic iency is t h u s  inversely related to  the  assumed value of <v> . )  
This is possible because <v> can be determined independently of t he  determination of P, and with 
greater  accuracy t h a n  if i t  were calculated f r o m  t h e  P, d i s t r ibu t ion  using 

<v> = L: v P,. (4) 

In der iving the  <u> values  fo r  t he  var ious  nuclides, one s tandard  value is assumed, fo r  252Cf. 
From a n  ear l ier  evaluat ionl ,  a value of <v> = 3.757 +- 0.010 neut / f i ss  is derived. 

In t h e  following sections, we will review t h e  direct  de te rmina t ion  of <v> values and  then  
describe t h e  method of comparing d i f f e ren t  sets  of P, values. 

11. The Fissile Nuclides, 233U, 235U, 239Pu and  241Pu. 

Of t h e  various nuba r  values t h a t  have been determined, those for  t he  fission via thermal  
neut rons  of t he  fou r  fissile elements have a special importance because of the  thermal  reactor 
program. They are  important parameters i n  the  least squares f i t  tha t  determines the  various neutron 
cross sections of these nucl ides  needed f o r  reactor  operation. 
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The most careful experiments on nubar have been those which compared the thermal neutron 
fission Table 
I l ists t h e  var ious experimental  results for  prompt  n u b a r  of 233U to t h a t  of 252Cf, while Tables 11, 
111. and The reported values a re  
listed along wi th  t h e  revised values based on a n  evaluation of each experiment .  

value for  t h e  fissile nuclide with t h e  n u b a r  value for  spontaneous fission of 252Cf. 

I V  l is t  s imi la r  results for  235U. 239Pu and 241Pu. respectively. 

Some general comments can be made about these Tables. Corrections were made for the effect of 
delayed gamma-rays, the effect of the  different  mean energies for  the  various fission neutron 
spectra involved, and for  the loss of those events  corresponding to  fission fragments of low energy 
because of t h e  thickness of the fission foil. Low kinet ic  energy fission fragments  correspond to 
the release of higher numbers of neutrons and therefore thick foils depress the nubar  value as a 
result. 

The delayed gamma-ray effect was taken from Boldeman's 1977 review2 without change. The mean 
energies the fission spectrum were also taken from the same review except for 252Cf, which came 
from the 1979 measurement of Boldeman3. However, the uncertainty included 507. for the shapeof the 
efficiency curve and an additional uncertainty corresponding to the spread between the energy 
differences used in  this  calculation and t h e  energy differences measured by Smith*. 

of 

For some of the measurements, the ratios were determined for a neutron in the kev energy range 
and extrapolated back to a thermal value using a curve with a constant slope, which had been f i t  
between t h e  value a t  thermal  energies and t h e  value a t  2 - MeV. However, i t  is  not clear t h a t  
application of t h i s  constant slope is appropriate  a t  30-60 kev energy range. In fact, data f r o m  
Gwin5 and Prokhorova6 would imply that  the ratio ( < v > - ~ ~ ~ U / < V > - ~ ~ ~ C ~ )  is slightly smaller in the 
50-100 kev energy region than  a t  thermal  neut ron  energies. I t  is clear t h a t  i n  the  region 0.5 - 1.0 
MeV. t h e  rat io  is definitely larger. Until we can bet ter  evaluate  t h i s  effect, we felt  t h a t  o u r  
choice was either to discard these measurements or to assume tha t  the 30 - 60 kev ratio was 
equivalent to the thermal value. We have chosen the latter assumption in this paper but have added 
the effect  of t h e  constant  slope assumption as  a n  uncer ta in ty  r a t h e r  t h a n  as a correction. 

For the  foil thickness correction, we used three estimates; Gwin7 - for  Gwin's measurement,  
Malinovskiis - for the Obninsk measurements and Boldeman9 - for all other measurements. Although we 
would agree with Gwin that  the foil thickness corrections should preferably be determined for the 
exact geometrical arrangements of each experiment,  when th is  is not yet available, we prefer to 
apply, some correction rather  than  no correction a t  all for  this  effect. We have assumed a 50% 
uncer ta in ty  on t h i s  correction. 

111 Method of Comparing Different P, Sets. 

The Qn and P, can be considered vectors, whose components a re  probabilities, related by an  
operation a n d  i t s  inverse  which converts  one set  of probabili t ies i n t o  t h e  other ,  i.e. equation (1) 
and (2). Certain ratios composed of specific funct ions of the  various moments  of the distributions 
are  independent  of the  efficiency, e.g. <v(v-1) ....( v-k)> / < v > k + l  = <n(n-1) ...( n-k)> / < n > k + l .  
A par t icu lar  case is Diven's parameter,  f o r  k = 1, <v(v-1)> / < v > 2  , which can be considered as a 
measure of t h e  shape of t h e  Pv dis t r ibut ion.  However, another  indicator of the dis t r ibut ion 's  
shape , which is not conserved, ( independent  of E )  is t h e  rat io  of the  mean to 
the square  of t h e  mean : 

square deviation 
< ( v - < v > ) ~ >  / < v > 2  = (<v2> - <,>a) / <v>2.  

For each given experiment,  the equations (1) and (2) were used with the quoted distribution P, 
and t h e  reported efficiency E to  der ive t h e  original Qn set. The efficiency was then  varied unt i l  
the calculated-<v> (Z v Pv) value was obtained corresponding to the  recommended value. In those 
few cases where the experimentalist did not report the  efficiency, a reasonable value was assumed 
appropriate  to  t h e  experimental  conditions and then- t h e  above procedure was also followed. 

After various sets of P, fo r  the  same nuclide a re  t ransformed so t h a t  each set yields the same 
<v>. a n y  remaining differences between t h e  corresponding P, can be ascribed to systematic errors  
other  t h a n  those i n   or <v>, or to r andom e r r o r s  (e.& count ing statist ics) i n  the  respective 
experiments.  Evaluation of the  s tandard deviation of corresponding values of P, gives a realistic 
estimate of the  uncertainty involved in determining the  Pv. Our earlier worklo contains more 
details  on t h e  method. 
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I V  Recomm,en,dations and Discussion .. 
i> .: .A ' 

The recommended values for  <u> and P, for the various nuclides of uran ium,  plutonium, 
americium and cu r ium are  given in  the Tables in section VII. The special importance of the <v> 
values for  the fissile nuclides w a s  mentioned earlier in  this  paper. Additional work is planned to 
investigate the dv/dE variation and the mean energy difference between the various fission neutron 
spectra and the i r  effects on the  reported results. In th i s  f i r s t  s tudy ,  i t  is not  clear whether the 
recommended uncertaint ies  i n  the  <v> ratios, 0.167.-0.187.. a r e  underestimated because of 
correlations.  This possibility will also be investigated later.  
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VI1 Tabulated Results 

Table I Measured Nubar ratios for 2331J/252Cf 

Author Ref. 
(Year) No. 

Nurpeisov(72) 11 
Boldeman(67) 12 
Fultz(66) 13 
Colvin(65) 14 
btather(64) 15 
Hopkins(63) 16 

Gwin(84) 7 

Author Ref. 
(Year) No. 

Prokhoro~(70) 6 
Boldeman(67) 12 
DeVolpi(66) 17 
Fu1 tz(66) 13 

Colvin(65) 14 

Hopkins(63) 16 
Meadows (61 ) 20 

Grin( 84) 7 

Conde(65) 18 

Mather(64) 19 

Author 
(Year) 
Gwin(84) 
Bolodin(73) 
Boldeman( 67) 
Colvin(65) 
Mather(64) 
Hopk i ns ( 63) 

Ref. 
No. 
7 
21 
12 
14 
15 
16 

Reported 
Riitio 

0.6597 (0.0018) 

0.6720 (0.011) 

0.6558 (0.0069) 

0.6615 (0.0027) 
0.6586 (0.0021) 

0.6551 (0.0049) 
0.66YR (O.ooS2) 

Revised Comment 
Ratio 

0.6581 (0.0023) 
0.6592 (0.0039) 
0.6604 (0.0017) 
0.6747 (0.0111) Discarded-test value 
0.6565 (O.OO50) 
0.6713 (0.0083) 
0.6548 (0.ooSS) 

Table 11 Measured Nubar ratios for 235U/252Cf 

Reported 
Ratio 

0.6443 (0.0014) 

0.6385 (0.0021) 
0.6379 (0.0037) 

0.640 (0.011) 
0.6429 (0.0212) 
0.6400 (0.0053) 
0.6423 (0.0029) 
0.6378 (0.0032j 
0.6431 (0.0058) 
0.6449 (0.01W) 

Revised Comment 
Ratio 

0.6438 (0.0015) 
0.6417 (0.0045) 
0.6406 (0.0017) 
0.633 (0.027) Discarded-discrepant data 
0.6451 (0.0213) Discarded-test value 

0.6437 (0.0030) 
0.6433 (0.0055) 

0.6398 (0.0037) 
0.6438 (0.0059) 
0.6412 (0.0092) 

Table 111 Measured Nubar ratios for 239Pu/252Cf 

Reported 
Ratio 

0.7655 (0.0014) 
0.7679 (0.0040) 
0.7674 (0.0021) 
0.7592 (0.0062) 
0.7750 (0.0090) 
0.7507 (0.0074) 

Revised 
Ratio 

0.7652 (0.0015) 
0.7666 (0.0076) 
0.7670 (0.0021) 
0.7616 (0.0062) 
0.7735 (0.0091) 
0.7499 (0.0074) 

Table IV Measured Nubar ratios for 241Pu/252Cf 

Author Ref. Reported Revised 
(Year) No. Ratio Ratio 
ain(84) 7 0.7820 (0.0018) 0.7820 (0.0018) 
Boldeman(67) 12 0.7788 (0.0018) . 0.7784 (0.0019) 
Colvin(65) 14 . o . m 1  (0.0079) 0.7788 (0.0079) 

Table V Comparison of Recent Recommended Nubar Ratios for the Fissile Nuclides 

Author(Year) Ref. 233U-f -mf "9RJ252Cf 24hp542f 
?his paper - 0.6595 (0.0012) 0.6424 (0.0010) 0.7654 (0.0012) 0.7803 (0.0013) 

- Divadeenam(84) 22 0.6615 (0.0010) 0.6407 (O.OOO8) 0.7636 (0.0014) 0.7771 (0.0018) 
Axton(84) 23 0.6603 (0.0015) 0.6416 (0.0012) 0.7638 (0.0016) 0.7800 (0.0017) 
Stehn(82) 24 0.6610 (0.0015) 0.6421 (0.0011) 0.7648 (0.0015) 0.7784 (0.0018) 
Boldeman(80) 9 0.6597 (0.0014) 0.6403 (0.0011) 0.7651 (0.0018) 0.7781 (0.0018) 
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Table VI Measured Nubar values f o r  232U and 236U 

Nuclide Author(Year) Ref. Measured Value Revised Value 
232U Jaf f ey( 70) 25 3.13 (0.08) 3.14 (0.08) 
psu Beledqy(B3) 28 1.79 (0.18) 
Z36U Conde(71) 27 1.90 (0.05) 

Table VI1 Measured Nubar values f o r  238U 

Table 

Nuclide Author(Year) 
23Pu Hicks(56) 
238Pu Hicks(%) 
238Pu. Jaf f ey(70) 
238h Kroshkin(70) 
244Pu Orth(7l) 

Author (Year) 
Boldeman(f34) 
r n g ( f 3 4 )  
Frehaut (74) 

zhang(71) 
prawOrova(71) 

&won( 67) 
Calvin( 65) 
Asplund-Ni lsson(63) 
mop<ins(63) 
Diven(62) 
Moat(61) 
Diven( 56) 

Author (Year) Ref. 
Mwards( 82) 44 
BoIdeman(84) 36 
Prokhorova(69) 45 
Hicks( 56) 34 

Author (Year) Ref. 
Jaffey( 70) 25 
Lebedev( 58) 46 
cuninghame(57) 47 

Ref 
26 
28 
29 
27 
30 
31 
32 
33 

Measured Value Revised Value 
1.97 (0.10) 
1.m (0.03) 2.03 (0.03) 
1.96 (0.05) 
2.00 (0.05) 
1.97 (0.07) 1.95 (0.07) 
2.10 (0 .08)  2.05 (0.08) 
2.08 (0.08) 1.98 (0.08) 
2.26 (0.16) 

VI11 Measured Nubar values f o r  236Pu, 238Pu and  244Pu 

Ref. Measured Value Revised Value _ _  Comment 
34 2.305 (0.19) 2.17 (0.19) Spont . Fi ss . 
34 2.33 (0.08) 2.21 (0.08) Spont .Fi ss . 
25 2.90 (0.03) 2.89 (0.03) Neut. Fiss. 
49 2.92 (0.12) 2.90 (0.12) Neut. Fiss. 
35 2.30 (0.19) 2.29 (0.19) Spont . Fi 9s. 

Measured Nubar values f o r  24oPu Table IX 

Ref 
36 
37 
38 
6 
39 
40 
14 
29 
16 
41 
42 
43 

Measured Value 

2.141 (0.016) 
2.148 (0.015) 
2.161 (0.016) 
2.138 (0.031) 

2.118 (0.018) 

2.19 (0.03) 

2.13 (0.05) 
2.257 (0.W) 

2.156 (0.010) 

2.153 (0.020) 

2.154 (0.028) 

2.167 (0.036) 

Revised Value 

2.149 (0.016) 
2.162 (0.015) 

2.139 (0.020) 

2.130 (0.028) 
2.144 (0.014) 

2.18 (0.03) 

2.169 (0.05) 
2.215 (0.045) 

Table X Measured Nubar values for 242Pu 

Measured Value Revised Value 
2.153 (0.014) 2.156 (0.014) 
2.145 no uncert. 
2.13 (0.05) 2.14 (0.05) 
2.18 (0.09) 2.07 (0 .09)  

Table XI Measured Nubar values f o r  241Am 

Measured Value Revised Value Comment 
3.219 (0.021) 
3.14 (0.05) 3.07 (0.05) No efficiency correction 
3. ( 0 . 5 )  Calc. from Fission Yields 
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Table XI1 Measured Nubar values for 242mAm 

Author (Year) Ref. 
Howe(81) 48 
Jaf f ey( 70) 25 
Fultz(66) 13 
Kroshkin(70) 49 

Author (Year) Ref. 
Plang(E%) 37 
Halperin(80) 50 
Hi cks ( 56) 34 
Crane ( 55) 51 

Measured Value Revised Value 
3.269 (0.145) 
3.264 (0.024) 3.265 (0.024) 
3.24 (0.12) 3.22 (0.12) 
3.28 (0.10) 3.26 (0.10) 

Table XI11 Measured Nubar Values for z4%m 

Measured Value Revised Value 
2.562 (0.020) 2.572 (0.020) 
2.532 (0.013) 2.530 (0.013) 
2.65 (0 .09)  2.53 ( 0 . 0 9 )  
2.33 (0.11) 2.48 (0.11) 

Table XIV Measured nubar Values for 243Crn. 247Cm and 250Cm 

Nuclide Author (Year) Ref. Measured Value Revised Value Comment 
24Xh Zhuraviev(73) 52 3.39 (0.14) 3.40 (0.04) Neut. F i s s .  
2430~ Jaf f ey ( 70) 25 3.430 (0.047) 3.432 (0.047) Neut. Fiss. 
247h Zhuraviev(73) 52 3.79 (0.15) 3.80 (0.15) Neut. Fiss. 
25Oan Orth(71) 

Author (Year) Ref. 
b n g ( W )  37 
Schmidt(83) 53 
Colushko(73) 54 
h.okhorova (73) 55 
Jaffey(70) 25 
Kroshkin(70) 49 
Bol'shov(64) 56 
Diven(56) 43 
Hicks(56) 34 

Author (Year) Ref. 

Kroshkin(70) 49 
25 

Hone( 83) 57 

Ja f f ey (70) 

Author (Year) Ref. 
Stoughton(73) 58 
Dakovski i (73) 59 
Golushko(73) 54 
h.OkhO~-OVa(72) 55 
Thompson(70) 60 

Author (Year) Ref. 
Ebldeman(73) 61 
Stoughton(73) 58 

. Golushko(73) 54 
ProkhOroM(72) 55 
Orth(71) 35 

35 3.31 (0.08) 3.30 (0.'08) ' .  Spon t . Fi ss . 

Table X V  Measured Nubar Values for 244Cm 

Measured Value 
2.72 (0.02) 
2.73 (0.16) 
2.68 (0.03) 
2.70 (0.014) 

2.77 (0.08) 
2.71 (0.04) 
2.81 (0.06) 

2.692 (0.024) 

2.84 (0.09) 

Revised Value 
2.74 (0.02) 
2.74 (0.16) 

2.700 (0.024) 
2.76 (0.08) 
2.69 (0.04) 
2.68 (0.06) 
2.71 ( 0 . 0 9 )  

Table XVI Measured Nubar Values for 24krn 

Measured Value Revised Value 

3.83 (0.16) 3.81 (0.16) 
3.60 (0.06) 3.64 ( 0 . 0 6 )  

3.832 (0.034) 3.84 (0.03) 

Table XVII Measured Nubar Values for 246Cm 

Measured Value Revised Value 
2.86 (0.06) 2.88 (0.06) 
2.98 (0.03) 3.01 (0.03) 
2.927 (0.027) 2.93 (0.03) 
2.950 (0.015) 2.95 (0.015) 
3.20 (0.22) 3.17 (0.22) 

Table XVIII Measured Nubar Values for 248Cm 

Measured Value Revised Value 
3.092 (0.007) 3.12 (0.007) 
3.14 (0.06) 3.16 ( 0 . 0 6 )  
3.173 (0.022) 3.17 (0.02) 
3.157 (0.015) 3.16 (0.015) 
3.11 (0.09) 3.10 (0 .09)  



Table X I X  Recommended Nubar Values for U, P u .  A m  and Cm Nuclides 

Value (Uncert. ) 

2.485 (0.008) 
3.14 (0.06) 

2.414 (0.007) 
1.89 (0.05) 
1.98 (0.03) 
2.17 (0.19) 
2.21 (0.08) 
2.876 (0.009) 
2.154 (0.00s) 
2.932 (0.009) 
2.149 (0.008) 
2.29 (0.19) 

Value (Uncert. ) 
3.22 (0.04) 
3.26 (0.03) 
2.54 (0.02) 

3.75 (0.10) 
2.93 (0.03) 
3.80 (0.15) 
3.13 (0.03) 
3.30 (0 .08 )  

3.43 (0.14) 
2.72 (0.02) 

. 

Table XX 

P, f o r  ( 2 3 3 ~ + n )  

G w i  n Bo1 deman Consensus 
84 84 Std. Oev. 

.0249152 

.E117652 

.3344314 

.3225796 

.1377542 

.0259051 

.0024540 

.00019543 

2.4850000P 

4.8573 

7.1314 

.78658 

1.1671 

7.3423 

.0266448 

.1548291 

.3289952 

.3254248 

.1296900 

.0293501 

.0050659 

.O 

2.48500000* 

4.9058 

7.4340 

.79443 

1.2156 

7.3908 

.0257800 .0012 

.15329715 .0022 

.3317133 .0038 

,3240022 ,0020 

.13372210 .0057 

.0276276 .0024 

.00375995 .0018 

.0000977 .0001 

2.48500000* .008 

4.8816 .0343 

7.2827 .2140 

.79051 .00555 

1.1913 .034 3 

7.3666 .0343 

d a t a  sets  made t o  conform t o  t h i s  value 



T a b l e  X X I  

P, for (235u+n) 

Gwinn Boldeman Consensus 
84 84 Std. Dev. 

PO 

P1 

p2 

p3 

p4 

PS 

p6 

P? 

<V > 

<v (v-1 )>  

<v (v-1) (v-2)> 

<v (V-l)>/<V>2 

<v2 > - <v>2 
<"2> 

,0306776 

.1707262 

.3384084 

.3036614 

.1295224 

.0248181 

.0019968 

.0001872 

2.4140000* 

4.6172 

6.6985 

.79232 

1.2038 

7.0312 

.0327670 

.1726860 

.3339897 

,3042775 

.1243698 

.0285404 

.0032675 

.0001026 

2.4140000* 

4.6592 

6.9366 

.79954 

1.2458 

7.0732 

.0317223 .0015 

.1717071 .0014 

.3361991 .0031 

.3039695 .0004 

.1269459 .0036 

.(I266793 .0026 

.0026322 .0009 

.0001449 .00006 

2.4140000* .007 

4.6382 .0297 

6.8176 .1683 

.79593 .00510 

1.2248 .0297 

7.0522 .0297 

data sets made t o  conform t o  t h i s  value 

T a b l e  XXII 

P, f o r  23% 

Hwang Popeko Consensus 
74 76 Std. Dev. 

PO .0443354 .0520000 ,0481677 .0054 

P 1  

p2 

p3 

p4 

p5 

<V > 

<v(v-l)> 

<v (v-1 ) (v-2)> 

<v (V-l)>/<V>2 

<v2>-<v>2 

<V2> 

-2200429 .2770000 -2485215 -0403 

.4846087 .3660000 .4253044 .0839 

.2098187 .2470000 .2284094 .0263 

.0346876 ,0500000 .0423438 .0108 

-0065066 .0080000 .0072533 .0011 

1.99000000* 1.9900000* 1.9900000* .03 

2.7745 2.9740 2.8743 .1411 

2.4818 3.1620 2.8219 .4810 

.70062 .75099 .72553 .03601 

.BO44 1.0039 .9022 .1411 

4.7645 4.9640 4.8643 .1411 

* data sets made t o  conform t o  t h i s  value 



I " " * =  an... 

P, f o r  2 3 6 ~ ~  , P, f o r  2 3 8 ~ ~  

Hicks ** Hicks ** 
56 Std.Dev. 56 Std.Dev. 

PO .0706805 .035 .0540647 - .009 

P1 ,1862416 ,090 .2053880 .026 

p2 .3795474 .13 .3802279 .026 

p3 .2545524 .12 ,2248483 .027 

p4 .0838837 .086 .lo78646 .021 

p5 .0250943 .036 .0276366 .009 

<U > 2.17000000* k.19 2.21000000* f .08 

<u (u-1)> 3.7949 3.9567 

<u(u-~) ( ~ - 2 ) >  5.0462 5.5960 

<V ( v -~ )> /<v> '  .80590 .81011 

<,2>-<,>2 1.2560 1.2826 

<A 5.9649 6.1667 

* data sets made t o  conform t o  t h i s  values 

** as assigned by author 

Table X X I V  

P, f o r  (239~u+n)  

D i  veri** Gwi  n Bo1 deman Consensus 
56 84 84 Std. Dev. 

.0059460- .0108072 .0109130 .0108601 .00003 

.1186641 .0973017 .lo13071 .0993044 .0028 

.1914874- .2746513 .2750961 .2748737 .0003 

.4899114+ .3299645 .3241354 .3270500 .0041 

.1012346- .2110361 .1984958 .2047660 .0087 

.0568506 .0633398 .0822041 .0727720 .0133 

.0359059+ .0116376 .0078484 .0097430 .0027 

.ooooooo .0012619 .OOOOOOO ,0006310 .0009 . 

2.8760000* 2.8760000* 2.8760000* 2.8760000* .009* 

6.7514 6.7304 6.7565 6.7435 .OM4 

( ~ - 2 ) >  13.00888 12.5066 12.5828 12.5447 .0539 

> f <w2 .a1624 .81370 .a1685 .a1528 .00223 

> 

<,2>-<,>2 1.3561 1.3351 1.3611 1.3481 .0184 

<,'> 9.6274 9.6064 9.6325 9.6195 .OM4 

data  sets  made t o  conform t o  t h i s  value 

** s e t  not used t o  a r r i v e  a t  consensus because o f  l a r g e  divergences from 
more recent  d a t a  

1 



. P, f o r  2 4 0 ~ ~  

Hamel**  Hicks** Oiven Baron Wang Zhang Bo1 deman Consensus 
55 56 56 65 74 84 84 Std. Dev. 

1 

PO -0674770 .0518555- .0598767 .0672230 .0602461 ,0628325 -0657477 .0631852 .0033 

Pl .2123022- .2412679+ -2346677 .2296671 .2323636 .2307696 .2323544 .2319644 .0019 

p2 .3709042+ .3512038 .3290595 .3287954 ,3417481 .3380100 .3290022 .3333230 .0061 

p3 -2208222- -2298913- .2625685+ -2535573 -2502577 .2466918 .2510283 .2528207 .0060 

p4 .lo50492 .lo90102 .0963776 .0996201 .0945106 .lo15568 .lo11654 .0986461 .0031 

PS .0234452+ .0160176 .0167024 .0192328 .0159182 .0199289 .0183174 .0180199 .0017 

p6 .OOOOOOO .0007536 .0007476 .0019044 .0049556 .0002106 .0023847 .0020406 .0018 

<U> 2.154000Ot 2.154000Ot 2.154000ot 2.15400002 2.15400002 2.154000W 2.15400002 2.154000ot .005 

<v(u-1)> 3.7962 3.7328 3.7465 3.8162 3.7862 3.7797 3.8160 3.7889 .0290 

<v(v-l)(v-2)> 5.2528 5.0471 4.9803 5.2947 5.3196 5.1385 5.3193 5.2105 .1492 

<v( v-1)>/<v>2 .81820 .BO454 .80749 -82250 .E1604 .E1465 .E224 31663 .0063 

<u2>-<u>2 1.3105 1.2171 1.2608 1.3304 1.3005 1.2940 1.3303 1.3032 .0290 

< U2> 5.9502 5.8868 5.9005 5.9702 5.9402 5.9337 5.9700 5.9429 .0290 

d a t a  sets  made t o  conform t o  t h i s  value 

** d a t a  sets  not used t o  form consensus because o f  severa l  deviances beyond 2 o 

+ means P, deviates  by > + o 

- means Pv deviates  by < - 0 

Table  X X V I  

P, f o r  2 4 1 ~ ~  

Gwin Boldeman Consensus 
84 84 Std. Dev. 

PO .0103533 .0110483 .0107008 .0005 

PI .0880976 .0900637 .0890807 .0014 

p2 .2643341 .2667284 .2655313 .0017 

p3 .3343422 .3285560 .3314491 ,0041 

p4 .2172018 .2117300 .2144659 .0039 

p5 .0716776 .0788167 .0752472- .0050 

p6 .0129416 .0095909 .0112663 .0024 

p7 .0010518 .0034661 .0006992 .0005 

<U > 2.9320000* 2.9320000* 2.9320000* .008 

<u (u-1 )> 7.0071 7.0552 7.0312 .0340 

<u(v-~)(v-~)> 13.2934 13.6606 13.4770 .2597 

<v (v-l)>/<v>2 .E1510 .E2069 .81790 .00395 

<v2 >- <v>2 1.3425 1.3906 1.3665 .0340 

<V2> 9.9391 , 9.9872 9.9632 .0340 

* data sets  made t o  conform t o  t h i s  value 



Table X X V I I  

P, f o r  2 4 2 ~ ~  i 

Hicks Boldeman** 
56 a4 Std.0ev. 

PO . 0 6 5 a ~ 5  .0679423 .0010 

P1 .1995462 .2293159 .0021 

p2 .3549338 

p3 .3124a76 

P5 .03353ia 

P6 0000000 

p4 .0336161 

<u> 2.1490000* 

<u(u-I)> 3.6588 

< V ( u - l ) ( ~ - 2 ) >  4.6936 

<w(w-l)>/<w2 .79226 

<u2>-<u>2 1.1896 

< U 2 >  5.8078 
- -  

.3341228 .0024 

.2475507 .0027 

.0996922 .0032 

.oia239a .ooi5 

.0031364 .0006 

2.1490000* .ooa 
3.8087 .036 

5.3487 

.a2472 .002 

1.3395 .005 

5.9577 .036 

* da ta  s e t s  made t o  conform t o  t h i s  va lue 

** because o f  t h e  anomalous P4 and P5 i n  Hicks 56 i t  i s  recommended 
t h a t  Boldeman 84 be used alone; t h e  Std.Dev. i s  as quoted i n  t h a t  
paper, except f o r  <u>, where I t  i s  t h e  e v a l u a t i o n  o f  t h i s  paper 

. _____ 

Table X X V I I I  

P, f o r  242cm 

Hicks Ha lpe r in  Zhang Consensus 
56 80 84 Std. Dev. 

PO 

PI 

p2 

p3 

p4 

PS 

p6 

p7 

P8 

<U> 

<u( u-1 )>  

<w (u-1) (u-2)>  

<w(w-l)>/<u>2 

<u2>-<w>2 

< U 2 >  

.oi66474- .022873i .0242445 

.1475553 .1340439 .1586229 

.3371507 .3291282 ,3139804 

~ 2 6 7 9 2 5  .3389a47+ .3147058- 

.i263383- .i463070 . i39aaia  

.0414297 .0265274- .044ia74 

.0033384+ .0020694 .0023659 

.0007477 .0000663 .0014512 

.OOOOOO .OOOOOO .0005602+ 

2.5400000* 2.5400000* 2.5400000* 

5.1113 5.0433 5.2418 

8. 0363 7.3992 a. 6735 

.79225 .7a i7 i  .ai248 

1.1997 1.1317 1.3302 

7.6513 7.5833 7.7818 
+ means P, deviates by > + u 

- means P, deviates by < - u 
da ta  s e t s  made t o  conform t o  t h i s  va lue  

.0212550 .0040 

.1467407 .0123 

.3267531 .0118 

. 3 2 6 a m  .oizi  

,1375090 .0102 

. 0 3 n a i 5  .oio 

.0025912 .0007 

.0007551 .0007 

.oooia67 .ooo3 

2.5400000* .02 

5.1321 .1909 

8.0363 ,6372 

.7954a . o m 4  

1.2205 .lo09 

7.6721 .lo09 

E 



Table  X X I X  

P, for 244cm 

O i  ven Hicks Oakovski i Zhang Consensus 
56 56 74 84 Std. Oev. 

PO .0128012 -0055032- .0278773+ .0138381 .0150050 .0093 

PI ,1245815 .1186366 .0917423- .1297295 .1161725 .0169 

p2 .3032554 .3013825 .3096042 .2851286- .2998427 .0104 

p3 .3120112- .3514536+ .3333684 .3358124 .3331614 .0162 

p4 .2011534+ .1763431 .la02425 .I773601 .la37748 .0117 

P5 .0289232- .0412210 .0550183+ .0467494 .0429780 .0110 

p6 .0172741- .0054600 .0021472- .0102841 ,0087914 ,0066 

p7 .ooooooo .ooooooo .ooooooo .0010977- .0002744 -0005 

<U> 2.7200000* 2.7200000* 2.7200000+ 2.7200000* 2.7200000* .03 

<u(v-1)> 5.9891 5.8158 5.9471 6.0031 5.9388 .0853 

< V ( V - l )  (~-2)> 10.5080 9.4694 9.8848 10.5411 10.1008 .5180 

< v ( v - l ) > / t w 2  -80951 -78609 -80384 ;a1140 .BO271 .01154 

<v2 >- <, >2 1.3107 1.1374 1.2687 1.3247 1.2604 .0853 

<, >2 8.7091 8.5358 8.6671 8.7231 8.6588 .OB53 

+ means P, deviates  by > + a 

- means P, deviates by < - a 

d a t a  sets  made t o  conform t o  t h i s  va lue 

Table  X X X  

P, f o r  246cm 

Stoughton Dakovskii Consensus 
73 74 Std. Dev. 

PO .0130533 .0173831 .0152182 .0031 

P1 ,0824850 .0700688 .0762769 .0088 

P2 .2512020 .2742057 .2627039 .0162 

p3 .3522395 " .3376076 .3449236 .0103 

p, -2258728 .2102577 .2180653 .0110 

p5 .0659829 .0851960 .0755895 .0139 

p6 .0091644 .0052810 .0072227 .0027 

<U > 2.9300000* 2.9300000* 2.9300000* .03 

<u (v-1 ) >  6.9209 6.9595 6.9402 .0273 

<v(v-l)(v-2)> 12.5931 12.8173 12.7052 .1586 

<v(v-l)>/<v>2 .BO617 .a1067 .80842 .00318 

<,2>-<,>2 1.2660 I. 3046 1.2853 .0273 

<YZ> 9.8509 9,8900 9.8702 .0273 
* d a t a  sets  made t o  conform t o  t h i s  value 



Table X X X I  

P, f o r  24%m 

Boldeman Stonghton Consensus 
73 73 Std. Dev. 

PO .0063081 .0071623 .0067352 .0006 

PI ,0622386 .0570604 .0596495 .0037 

p2 .2272634 .2138438 .2205536 .0095 

p3 .3458147 .3559898 .3509030 .0072 

p4 .2435394 .2652139 .2543767 .0153 

PS .0907591 .0879519 .0893555 .0020 

p6 .0206991 .0127780 .0167386 .0056 

.0033775 .OOOOOOO .0016888 .0024 p7 - 

<u > 3.1300000* 3.1300000* 3.1300000* .03 

<u ( u-1 ) > 8.0299 7.8886 7.9592 .0999 

<U (u-I) (v-Z)> 16.5585 15.3115 15.9350 .8818 

<u ( u-1)>/<u>2 .81964 .80521 .a1242 .0102 

<u2> - <u>2 , 1.3630 1.2217 1.2923 .0999 

- -<$>A 11.1599 11.0186 11.0892 .0999 

d a t a  sets  made t o  conform t o  t h i s  value 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 

' mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


